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DEUDVLYH ZHDU UHVLVWDQFH /DUJH KDUG SDUWLFOHV LQFUHDVH PRUH LQWHQVLYHO\ WKH ZHDU UHVLVWDQFH WKDQ WKH VPDOOHU
SDUWLFOHV $OXPLQLXP PDWUL[ FRPSRVLWHV FRQWDLQLQJ VROLG OXEULFDQWV VXFK DV JUDSKLWH DQG 026 VKRZHG EHWWHU
IULFWLRQDQGZHDU SHUIRUPDQFH
$EGXOODK.XUW  ;X/LXMLH  1HFDW$OWLQNRN  0HKPHW6LUDFH2]HUGHP  3DXOR'DYLP-
 0RKDPPHG+D\DMQHK 5DSHWWR03 5DJKX3UDVDG%.  0DQGDO'  ,QWKRVH
SDSHUVLWLVXQGHUVWRRGWKDW ,QUHFHQW\HDUV $11KDV EHFRPHDYHU\SRZHUIXOWRROLQPRGHOLQJLQWHUUHODWLRQVKLSV
EHWZHHQLQSXWDQGRXWSXWSDUDPHWHUVRIPDQ\FRPSOLFDWHGV\VWHPV ,WLVDSURPLVLQJILHOGRIUHVHDUFKLQSUHGLFWLQJ
H[SHULPHQWDO WUHQGVDQGKDVEHFRPHLQFUHDVLQJO\SRSXODU LQ WKH ODVW IHZ\HDUV EHFDXVHRIVROYLQJ SUREOHPVPXFK
IDVWHU FRPSDUHG WR RWKHU DSSURDFKHV  9DULRXV VWXGLHV RQ WKH SUHGLFWLRQ RI PHFKDQLFDO WULEROLJLFDO DQG SK\VLFDO
SURSHUWLHVRIFRPSRVLWHVXVLQJ$11KDYHEHHQFDUULHGRXW,QWKHZRUNFDUULHGRXWE\ ;X/LXMLHHWDO WKH\SUHGLFWHG
WKH YDOXH RI KDUGQHVV DQG DEUDVLYH ZHDU UHVLVWDQFH XVLQJ QHXUDO QHWZRUN 7KH\ UHSRUWHG WKDW D ZHOO WUDLQHG WZR
KLGGHQOD\HUQHWZRUNKDGVPDOOHUWUDLQLQJHUURUVDQGPXFKEHWWHUJHQHUDOL]DWLRQSHUIRUPDQFHLQFRPSDULVRQWRRQH
KLGGHQOD\HUQHWZRUN $OWLQNRNDQG5DVLW.RNHU SUHGLFWHGWHQVLOHVWUHQJWKGHQVLW\DQGSRURVLW\RISDUWLFOHUHLQIRUFHG
DOXPLQLXP FRPSRVLWHV XVLQJ QHXUDO QHWZRUN 7KH\ UHSRUWHG WKDW WKH WUDLQLQJ SURFHVV ZDV FRPSOHWHG ZLWK 
LWHUDWLRQV7KHQHXUDOQHWZRUNSUHGLFWLRQZDVLQJRRGDJUHHPHQWZLWKH[SHULPHQWDOUHVXOWV  0HKPHW6LUDF2]HUGHP
DQG6HGDW.ROXNLVDDSSOLHGQHXUDOQHWZRUNWRSUHGLFWHORQJDWLRQRIFRPSRVLWHV7KH\XVHG0/3 DUFKLWHFWXUHZLWK
EDFNSURSDJDWLRQDOJRULWKP 7KH\IRXQGWKDWWKHQHXUDOQHWZRUNVXFFHVVIXOO\SUHGLFWHGWKHHORQJDWLRQ RI FRPSRVLWH
VSHFLPHQV  3DXOR'DYLPHWDO SUHGLFWHGWKHVXUIDFHURXJKQHVVRI$OFRPSRVLWHXVLQJ$UWLILFLDO1HXUDO1HWZRUN
7KH\UHSRUWHG WKDW WKHSHUIRUPDQFHRI$11SUHGLFWLRQPRGHO ZDV WKRXJK DGHTXDWH FDQEH LPSURYHGE\GHILQLQJ
PRUH QXPEHU RI OHYHOV IRU LQSXW SURFHVV SDUDPHWHUV 0RKDPPHG +D\DMQHK HW DO SUHGLFWHG WKH ZHDU ORVV RI
DOXPLQLXP FRPSRVLWHV XVLQJ $UWLILFLDO 1HXUDO 1HWZRUN $ VDWLVIDFWRU\ DJUHHPHQW EHWZHHQ WKH H[SHULPHQWDO DQG
$11 YDOXHV ZDVREWDLQHGZKHQWKHPRGHOZDV WHVWHG 5DSHWWRHWDO GHYHORSHGQHXUDOQHWZRUNPRGHOWRGHWHUPLQH
WKH UHODWLRQVKLS EHWZHHQ WKH URXJKQHVV SDUDPHWHU 7KH\ IRXQG WKDW WKH QHXUDO QHWZRUN ZDV DEOH WR SURYH WKH
FRUUHODWLRQ EHWZHHQ WKH URXJKQHVV SDUDPHWHUV  5DJKXSUDVHG HW DO SUHGLFWHG FRPSUHVVLYH VWUHQJWK XVLQJ QHXUDO
QHWZRUN 7KH\ IRXQG WKDW WKH SURSRVHG QHXUDO QHWZRUN PRGHO JDYH JRRG SUHGLFWLRQ RI WKH YDOXHV 5DVKHG DQG
0DKPRXG SUHGLFWHG WKH ZHDU EHKDYLRU RI DOXPLQLXP FRPSRVLWHV XVLQJ QHXUDO QHWZRUN 7KH\ XVHG PXOWLOD\HU
SHUFHSWURQ0/3QHWZRUN7KH\IRXQGWKDWFRQVLGHUDEOHVDYLQJVLQWHUPVRIFRVWDQGWLPHFRXOGEH REWDLQHGIURP
XVLQJ$11PRGHOV ,QWKLVUHVHDUFKSDSHU DQDWWHPSWKDVEHHQPDGHWRGHYHORSDPRGHOIRUWKHSUHGLFWLRQRI YROXPH
ORVVRIKHDWWUHDWHGDOXPLQLXPK\EULGFRPSRVLWHV ,QWKHSUHVHQWZRUN H[SHULPHQWDOSDWWHUQVZHUHFDUULHG RXW2XW
RI WKLV  SDWWHUQV ZHUH FRQVLGHUHG WR WUDLQ WKH QHWZRUN DQG  SDWWHUQV ZHUH XVHG WR YDOLGDWH WKH PRGHO $IWHU
































+HDW WUHDWPHQW RI WKH FRPSRVLWHZDV FDUULHGRXW XVLQJ DPXIIOH IXUQDFH DV VKRZQ LQ )LJ  7KH VHTXHQFHVRI
RSHUDWLRQV LQYROYHG GXULQJ WKH KHDW WUHDWPHQW SURFHVV RI WKH GHYHORSHG FRPSRVLWH DUH VROXWLRQL]LQJ TXHQFKLQJ
DUWLILFLDO DJLQJ DQG DLUFRROLQJ >@ 7KH LQGHSHQGHQWO\ FRQWUROODEOH SUHGRPLQDQW KHDW WUHDWPHQW SDUDPHWHUV




)DFWRU 8QLW 1RWDWLRQ )DFWRUOHYHO
    
6ROXWLRQ]LQJWLPH K $     
6ROXWLRQ]LQJWHPSHUDWXUH & %     
$JLQJWLPH K &     
$JLQJWHPSHUDWXUH & '     
34   C. Velmurugan et al. /  Procedia Materials Science  5 ( 2014 )  31 – 40 
7KHZRUNLQJ UDQJHVRIDOO VHOHFWHG IDFWRUVZHUH IL[HGE\FRQGXFWLQJ WULDO UXQVZKHUHLQRQHRI WKH IDFWRUVZDV
YDULHGZKLOH NHHS WKH UHVW DW FRQVWDQW )RU WKH IRXU YDULDEOHV FKRVHQ WKH GHVLJQ UHTXLUHG  H[SHULPHQWVZLWK 
IDFWRULDO SRLQWV HLJKW D[LDO SRLQWV WR IRUP FHQWUDO FRPSRVLWH GHVLJQ DQG VHYHQ FHQWHU SRLQWV IRU UHSOLFDWLRQ WR
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LV FOHDQHG 7HVWV ZHUH FRQGXFWHG DW URRP WHPSHUDWXUH UHODWLYH KXPLGLW\ RI  DSSOLHG ORDG RI  1 VOLGLQJ
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$UWLILFLDO1HXUDO1HWZRUNV DUH FRPSXWLQJ V\VWHPV WKDW VLPXODWH WKHELRORJLFDO QHXUDO V\VWHPVRI KXPDQEUDLQ
7KH\ DUH EDVHGRQ D VLPSOLILHGPRGHOLQJRI WKHEUDLQ¶V ELRORJLFDO IXQFWLRQV H[KLELWLQJ WKH DELOLW\ WR OHDUQ WKLQN
UHPHPEHUUHDVRQDQGVROYHSUREOHPV>@













7KH LQSXW DQG RXWSXW RI D QHXUDO QHWZRUN LV LQ WKH UDQJH RI ]HUR WR RQH WR QRUPDOL]H WKHLU YDOXHV WR VXLW WKH
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7KH OHDUQLQJ DOJRULWKP XVHG LQ WKH VWXG\ ZDV JUDGLHQW GHVFHQW ZLWK DGDSWLYH OHDUQLQJ UDWH EDFNSURSDJDWLRQ
6LJPRLG IXQFWLRQ LV WKH PRVW FRPPRQ DFWLYDWLRQ IXQFWLRQ LQ $11 EHFDXVH LW FRPELQHV QHDUO\ OLQHDU EHKDYLRXU
FXUYLOLQHDUEHKDYLRXUDQGQHDUO\ FRQVWDQWEHKDYLRXUGHSHQGLQJRQWKHYDOXHRIWKHLQSXW7KHVLJPRLGIXQFWLRQ(T


























 DG 7KH 6(0 H[DPLQDWLRQ RI WKH ZHDU VXUIDFHV VKRZV DUHDV IURP ZKHUH PDWHULDO KDV EHHQ UHPRYHG 7KH






ULVH WR YRLG QXFOHDWLRQ DQG VXEVXUIDFH FUDFN LQLWLDWLRQ DQG SURSDJDWLRQ 7KH VXEVXUIDFH FUDFNV PD\ LQLWLDWH DQG
SURSDJDWH DORQJ PDWUL[ UHLQIRUFHPHQW LQWHUIDFH DQG FDXVH GHFRKHVLRQ RI PDWUL[ UHLQIRUFHPHQW LQWHUIDFH :LWK
UHPRYDORIVXUIDFHPDWHULDOWKHFUDFNEHFRPHVQHDUHUWRWKHVXUIDFHDQGWKHVKHDUVWUDLQLVLQFUHDVHGWKLVFDXVHVWKH
UHPRYDO RI WKH VXUIDFH OD\HUV E\ GHODPLQDWLRQ 'HODPLQDWLRQ LV REVHUYHG WR EH PRUH VHYHUH XQGHU ORZHU DJLQJ
GXUDWLRQ )LJ  G
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)LJ  DG6(0H[DPLQDWLRQRIWKHZHDUVXUIDFHVRIKHDWWUHDWHGFRPSRVLWHV
:HDUUHVXOWV









7KHLQIOXHQFHRIVROXWLRQL]LQJWLPH$DQGDJLQJWLPH&RQYROXPHORVVLVVKRZQLQ)LJ  E ,WLVFOHDUWKDW
WKHYROXPHORVVGHFUHDVHVZLWKLQFUHDVHLQWKHYDOXHRIVROXWLRQL]LQJWLPHXS WRKZKHQWKHDJLQJWLPHZDVYDULHG
IURP  WR K $ VLPLODU REVHUYDWLRQ ZDV REVHUYHG E\ WKH UHVHDUFKHU >@ ZKR KDV VWDWHG WKDW WKH ZHDU UDWH RI
DOXPLQLXPFRPSRVLWHGHFUHDVHVZLWKLQFUHDVLQJWKHYDOXHRIDJLQJWLPHXS WRK
)LJ  D KLJKOLJKWVWKHHIIHFWRIVROXWLRQL]LQJWLPH$DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVRIFRPSRVLWH
,WLVFOHDUWKDWWKHYROXPHORVVGHFUHDVHVZLWKLQFUHDVLQJDJLQJWHPSHUDWXUHZKHQWKHVROXWLRQL]LQJWLPHLVIURPWR
K,WFDQEHQRWHGWKDWWKHYROXPHORVVLQFUHDVHVZLWKLQFUHDVHLQWKHYDOXHRIVROXWLRQL]LQJWLPHIURPWRK
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)LJ D(IIHFW RIVROXWLRQL]LQJWLPH$DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVE(IIHFWRIVROXWLRQL]LQJ
WHPSHUDWXUH%DQGDJLQJWLPH&RQYROXPHORVV
)LJ  E GHSLFWVWKHHIIHFWRIVROXWLRQL]LQJ WHPSHUDWXUH%DQGDJLQJ WLPH&RQYROXPHORVVRIKHDWWUHDWHG
FRPSRVLWHV ,W FDQ EH REVHUYHG WKDWZKHQ WKH VROXWLRQL]LQJ WHPSHUDWXUHZDV YDULHG IURP WR  & DQG WKH
DJLQJWLPHYDULHGIURPWRKWKHYROXPHORVVGHFUHDVHVLQWKHUDQJHEHWZHHQDQGî P7KLVREVHUYDWLRQ
ZDV LQ DJUHHPHQW ZLWK WKH SUHYLRXV UHVHDUFKHU 7KH\ UHSRUWHG WKDW ZHDU ORVV RI WKH FRPSRVLWH GHFUHDVHV ZLWK
LQFUHDVLQJWKHDJLQJGXUDWLRQEH\RQGK>@
7KHLQWHUDFWLRQHIIHFWRIVROXWLRQL]LQJWHPSHUDWXUH%DQGDJLQJWHPSHUDWXUH'RQYROXPHORVVLVVKRZQLQ)LJ
 ,W FDQ EH QRWHG WKDW WKH YROXPH ORVV GHFUHDVHV WKH YDOXH EHWZHHQ  DQG î P ZKHQ WKH VROXWLRQL]LQJ
WHPSHUDWXUHZDVYDULHGIURPWR &DQGDJLQJWHPSHUDWXUHIURPWR &
)LJ  (IIHFWRIVROXWLRQL]LQJWHPSHUDWXUH%DQGDJLQJWHPSHUDWXUH' RQYROXPHORVV
$11UHVXOWVWRSUHGLFWYROXPHORVV
7KHSHUIRUPDQFHRIWKH$11PRGHOIRUSUHGLFWLQJWKHYROXPHORVVRIWUDLQLQJDQGWHVWLQJVHWVLVLOOXVWUDWHGLQ)LJ
DQGUHVSHFWLYHO\,WLVFOHDUO\VHHQIURP)LJ  D	E WKDWWKHH[SHULPHQWDODQGSUHGLFWHGYDOXHVGHYHORSHG
IURP$11QHWZRUNVIRUWKHZHDUUDWHDUHYHU\FORVHWRHDFKRWKHU)LJ  D	E LOOXVWUDWHVWKDWWKH$11VPRGHOLV
FDSDEOHRIJHQHUDOL]LQJEHWZHHQLQSXWVDQGWKHRXWSXWYDULDEOHZLWKKLJKDFFXUDF\SUHGLFWLRQV3HUFHQWDJH DEVROXWH
HUURUVZHUHXVHGWRHYDOXDWHWKHSHUIRUPDQFHRIWKHSURSRVHG$11LQSUHGLFWLRQWHFKQLTXH 7KHSUHGLFWLRQFDQEH
VHHQDV IDLUO\FORVH WR WKHFRUUHVSRQGLQJDFWXDOYDOXHVRI YROXPH ORVV)RU WUDLQHGGDWD LW FDQEHREVHUYHG WKDWD
PD[LPXPDEVROXWH HUURURIDQGDPLQLPXPDEVROXWHHUURURI ZHUHREWDLQHGIRUYROXPHORVVSUHGLFWLRQ
$OVRIRUWHVWHGGDWDLWFDQEHREVHUYHGWKDWDPD[LPXPDEVROXWHHUURURIDQGDPLQLPXPDEVROXWHHUURURI 
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ZHUH REWDLQHG IRU YROXPH ORVV SUHGLFWLRQ +RZHYHU WKHVH OHYHOV RI HUURU DUH VDWLVIDFWRU\ DQG VPDOOHU WKDQ
HUURUVWKDWQRUPDOO\DULVHGXHWRH[SHULPHQWDOYDULDWLRQDQGLQVWUXPHQWDWLRQDFFXUDF\7KHUHVXOWVDOVRLQGLFDWHGWKDW
WKH SURSRVHG$11VPRGHO LV VXFFHVVIXO LQ OHDUQLQJ WKH UHODWLRQVKLS EHWZHHQ WKH GLIIHUHQW LQSXWV DQG WKH RXWSXW
SDUDPHWHU7KH$11PRGHO GHYHORSHG LQ WKHSUHVHQWZRUN FDQEHYHU\ XVHIXO WRSUHGLFW WKHYROXPH ORVVRI KHDW
WUHDWHGFRPSRVLWHVLQZHDUWHVWLQJ








x $UWLILFLDO1HXUDO1HWZRUNPRGHO WRSUHGLFW WKHYROXPH ORVVZDVGHYHORSHG7KH$11JLYHV VDWLVIDFWRU\
UHVXOWVZKHQFRPSDUHGWRWKHH[SHULPHQWDOUHDGLQJV,WDOVRLQGLFDWHGWKDW WKHPRGHOVDUHUHOLDEOHDFFXUDWH




x +HQFH LW FDQEH VDLG WKDW$11FDQEHXVHGHIILFLHQWO\DVSUHGLFWLRQ WHFKQLTXH LQ WKH DUHDRI FRPSRVLWH
PDWHULDOFKDUDFWHUL]DWLRQDQGWULERORJ\
5HIHUHQFHV










;X/LXMLH ;LQJ -LDQGRQJ :HL VKL]KRQJ 3HQJ7DR =KDQJ <RQJ]KHQ DQG /RQJ5XL  ³$UWLILFLDO QHXUDO QHWZRUN SUHGLFWLRQ RI KHDW
WUHDWPHQWKDUGQHVVDQGDEUDVLYHZHDUUHVLVWDQFHRI+LJKYDQDGLXP+LJKVSHHGVWHHO+9+66´-0DWHU6FL





































3UDEKX VZDP\155DPHVK&6DQG&KDQGUDVKHNDU7´(IIHFW RI KHDW WUHDWPHQW RQ VWUHQJWK DQGZHDUEHKDYLRXURI$O6L&S
FRPSRVLWHV´,QSURFHHGLQJVRIWKH,QWHUQDWLRQDOFRQIHUHQFHRQ$GYDQFHG0DWHULDOVDQG&RPSRVLWHV$0&
6XJ:RQ.LP8L-RQJ/HH6DQJ:RQ+DQ'RQJ.HXQ.LPDQG2JL´+HDWWUHDWPHQWDQGZHDUFKDUDFWHULVWLFVRI$O6L&SFRPSRVLWHV
IDEULFDWHGE\GXSOH[SURFHVV´&RPSRVLWHV± 
